Cu/Al 2 O 3 catalysts with metal loading from 0.64 to 8.8 wt. % have been prepared and characterised by different techniques: N 2 adsorption at -196ºC (BET surface area), ICP (Cu loading), XRD, selective copper surface oxidation with N 2 O (Cu dispersion), TPR-H 2 (redox properties), and XPS (copper surface species). The catalytic activity for soot oxidation has been tested both in air and NOx/O 2 . The activity in air depends on the amount of easily-reduced Cu(II) species, which are reduced around 275ºC under TPR-H 2 conditions. The amount of the most active Cu(II) species increases with the copper loading from Cu_1% to Cu_5% and remains almost constant for higher copper loading.
1.-Introduction.
Among the different catalytic after-treatment technologies proposed for soot removal in diesel exhausts, the so-called CRT (Continuously Regenerating Trap) seems to be the most satisfactory at this moment [1] , especially for heavy-duty diesel applications. This system consists of a Pt catalyst for NO oxidation to NO 2 , which is more oxidizing than NO and O 2 . The soot filter located downstream is continuously regenerated by soot oxidation to CO 2 using the previously produced NO 2 .
However, the CRT system presents several drawbacks that need improvements, motivating fundamental and applied research work. NOx removal over a CRT catalyst is somewhat less than 10% [1] , and an additional system for NOx removal is required. It is also reported that soot oxidation is strongly inhibited by the presence of SO 2 , so the CRT technology could not be introduced until low sulphur diesel fuel became available [1] . In addition, because of the high price of noble metals new active components based on non-noble metals are desired.
Looking for new, cheaper and efficient catalytic components [2] , several alkali (Na, K, Rb), alkali-earth (Ca), transition (Fe, Co, Ni, Cu, Cr, Zr) and rare-earth (Ce) metals were loaded on carbonaceous materials and the catalytic combustion was tested under NOx/O 2 . Among the metals studied, the lowest light-off temperatures were obtained with Rb and Cu [2] . In the same line, Bloom et al. [3] compared Fe, Cu and Ce fuel additives and found that only copper could efficiently regenerate the filter. G. Mul et al. [4] also screened a number of metal chlorides (Ba, Ca, Fe, Bi, Hg, Co, Mo, Ni, Cu, and Pb) for catalytic oxidation of model soot, concluding that those based on Pb and Cu are the most active. However, they reported that the application of metal chlorides as catalysts for diesel soot oxidation is questionable, because the loss of activity by evaporation or decomposition of the active species is a severe problem [4] .
A number of copper-containing multi-component catalysts have also demonstrated to be active for soot oxidation, such us CuO/CeO 2 [5] , copper-loaded MFI zeolite [6] , Al 2 O 3 - [7] and CeO 2 - [8] [11] ) and bimetallic Cu/K active phases supported on ZrO 2 [12] , Al 2 O 3 [13] and beta zeolite [14] , among others.
The lower price of copper in comparison to noble metals makes this transition metal a promising candidate for practical utilization in diesel soot removal. Some authors have also reported that certain copper-containing catalysts (La 0.8 K 0.2 Cu x Mn 1-x O 3 [10] , Cu/K/Al 2 O 3 [13] and Cu/K/beta zeolite [14] ) are able to promote the simultaneous removal of NOx and soot. Sulphur resistance seems to be another benefit of copper catalysts, since S. Mosconi et al. [15] have observed that a Cu/Al 2 O 3 catalyst tested for soot oxidation under NOx/O 2 does not suffer deactivation by SO 2 poisoning, even under severe conditions such as 1000 ppm SO 2 /600ºC.
There have been proposed two main mechanisms through a metal oxidecatalysed soot oxidation could proceed [4] , and both could be valid for copper catalysts.
One of them is the reduction/oxidation mechanism (Mars and van Krevelen), where in a first step the metal oxide is reduced by the soot, and in a second step the catalyst is reoxidised by an oxidising gas. The other mechanism is based on a spill-over effect.
Oxygen is activated on the surface of a metal oxide, and subsequently transferred to the soot surface where reacts yielding surface oxygen complexes and finally CO and/or CO 2 . G. Mul et al. [4] reported that soot oxidation in air catalysed by copper chlorides is based on the latter mechanism. However, the catalytic combustion of copper-loaded char in NOx/O 2 could be explained according to the reduction/oxidation mechanism, as suggest by the XPS analyses of the copper species (including Cu(0), Cu(I) and Cu(II)) detected on fresh and used samples [16] . In both cases, and also considering some other reported studies, it can be concluded that the redox properties of copper play a major role in its catalytic activity for carbon materials oxidation. However, there are several issues that remain unclear, such as the importance of the copper loading and dispersion in the activity of copper catalysts for soot oxidation and/or the relative importance of these two variables in comparison to the redox properties of this metal.
In the case of multi-component catalysts, the role of copper is more difficult to be analysed, and depends on the material considered. As an example, the role of copper on the catalyst La 0.8 K 0.2 Cu 0.05 Mn 0.95 O 3 [10] , with perovskite structure, is proposed to be the creation of crystal defects. For copper-vanadium-cerium oxide catalysts, its high activity for model soot oxidation was attributed to the presence of the V 2 O 5 phase, while it is suggested that copper (II) species are responsible for the low CO production [8] .
In the current study, a set of Cu/Al 2 O 3 catalysts with different metal loading, have been prepared, characterised and tested for soot oxidation both in air and NOx/O 2 .
The goal of the study is to get insight into the properties of copper that could affect the catalytic activity, including copper loading, copper dispersion, type of surface copper species and copper redox properties.
2.-Experimental. 
Catalysts preparations.

Catalysts characterizations.
The catalysts BET surface areas were determined by physical adsorption of N 2 at -196ºC in an automatic volumetric system (Autosorb-6B from Quantachrome) after degassing the samples at 250ºC for 4 hours.
The actual copper loading (Cu(%)) of the different catalysts was determined by ICP in a Perkin-Elmer device, model Optimal 3000. For this purpose, the metal was extracted from the catalysts (after mechanical vibration using an ultrasonic bath to remove weakly attached metal particles) by refluxing them in a 6M HCl solution for 8 h.
X-ray difractograms of the catalysts were recorded in a Seifert powder diffractometer, using CuK radiation. Spectra were registered between 20 and 80º (2) with a step of 0.02º and a time per step of 3 seconds. 
Surface copper is determined considering the stoichiometry of the reaction (2), and the parameter "Dispersion (%)" is calculated as the ratio between the amount of surface copper and total copper measured by ICP.
Once copper loading and dispersion were determined, the surface copper of the catalysts (Cu surface (%)) was estimated with the equation (4):
XPS characterisation was carried out in a VG-Microtech Multilab electron spectrometer using Mg-Kα (1253.6 eV) radiation source. To obtain the XPS spectra, the pressure of the analysis chamber was maintained at 5·10 -10 mbar. The binding energy (BE) scale was adjusted by setting the C1s transition at 284.6 eV.
Catalytic tests.
Catalytic tests were performed in a fixed-bed reactor at atmospheric pressure under a gas flow (500 ml/min) containing synthetic air or 500 ppm NO x +5%O 2 . The model soot used was a carbon black from Cabot (Vulcan XC72). The experiments consisted of heating the soot-catalyst mixtures from 25 to 800 °C at 10 °C/min. The soot-catalyst mixtures contained 80 mg of catalyst + 20 mg of soot + 300 mg SiC, and were prepared with a spatula following the so-called "loose contact" procedure [18] .
Blank experiments were performed only with the catalysts (without soot) under similar experimental conditions. The gas composition was monitored by specific NDIR-UV (Non Dispersive Infrared Ultra-Violet) gas analyzers for NO, NO 2 , CO, CO 2 and O 2 and the soot conversion was determined from CO and CO 2 evolved.
In the equation (5), "m" is the mass of soot, "t" is the reaction time, CO and CO 2 the volumetric fraction of each gas, and F the total gas flow. In all the experiments, the carbon mass balance was obtained by numerical integration of equation 5 and was closed in the range 100-125% of the amount of soot loaded into the reactor. From soot conversion profiles, the parameter "T50% (ºC)" has been determined, which is the temperature required to reach 50% soot conversion. In addition, the selectivity towards CO 2 formation with regard to total CO x emitted was determined by the equation (6):
The N 2 O formation as NO x reduction product was ruled out in additional experiments followed by gas chromatography using a HP 6890 plus series device. This set-up is described in detail elsewhere [19] . with the highest copper loading. This is an evidence of the partial blocking of the support surface by copper. As expected, the copper dispersion decreases by increasing copper loading, that is, the particle size of copper increases.
Results and discussion
Characterization of catalysts: copper loading and dispersion.
In the Figure 1a , the actual copper loading, as measured by ICP (Cu(%)), is drawn as a function of the target copper loading. All the catalysts contain a lower amount of copper than that expected (target copper loading), that is, values are below the auxiliary line with slope = 1. This means that part of the copper used for the impregnation is not incorporated to the alumina. It has to be underline that the Cu ICP measures was carried out after removing metals particle weakly attached, as indicated in the experimental section. The discrepancy between actual and target copper loading is little for catalysts till 7% loading, but there is a threshold around 9% loading that can not be overcome. It is important to mention that the sample Cu_15% shows heterogeneous appearance, and two types of particles (black and grey, respectively) can be distinguished. We attributed this fact to the presence of copper/copper oxide particles along with the Cu-containing Al 2 O 3 particles. Due to this heterogeneity and lack of reproducibility in the preparation, this sample has been rejected for the catalytic tests.
One important feature of a catalyst is the surface population of active sites, which is related with the amount of surface copper on the catalyst. As expected, data in Table 1 show that the copper loading and dispersion follow opposite trends, that is, the higher the copper loading, the lower the copper dispersion. In the Figure 1b , the surface copper is plotted as a function of the copper loading, showing an optimum value around 5% for which a maximum percentage of surface copper is reached.
In the Figure 2 , the X-ray powder diffraction patterns of the catalysts are shown.
All the XRD patterns show broad diffraction peaks due to poorly microcrystalline γ- In conclusion, the results discussed in this section indicate that the highest surface copper amount is reached with 5 % copper loading, and with the experimental procedure followed and materials used, it is not possible to reach copper loading higher than 9%.
Catalytic tests in air.
In the Figure 3 , the soot conversion profiles during soot oxidation experiments in air are plotted as a function of temperature and, in the Table 2 , the values of the parameter T50% are compiled together with those of CO 2 selectivity determined with the equation (6) .
The onset temperature for the uncatalysed combustion in air is 600ºC approximately, and the complete conversion is reached at 775ºC. All the catalysts tested increase the soot combustion rate and shift the conversion profiles to lower temperatures. The catalytic activity increases with the copper loading from Cu_1% to Cu_5%, but higher copper loading do not improve the catalytic activity. According to these results, it does not make sense to increase the copper loading above 5% for soot oxidation in air. Considering the characterization results discussed in the previous section, the activity in air can not be directly correlated with the copper loading and neither with the surface copper (Figure 1b) , because there are catalysts with the same activity but different surface copper (Cu_5%, Cu_7% and Cu_10%). The main characteristic of the copper catalysts affecting their activity in air will be explained in detail afterwards, in the section 3.5. focussed on TPR-H 2 and XPS characterization.
On the other hand, all the copper catalysts improve the selectivity towards CO 2 formation from 36% for the uncatalysed reaction to about 100% for all the coppercatalysed reactions (data in Table 2 ). Note that CO 2 is the desired soot oxidation product due to the high toxicity of CO. This improvement in CO 2 selectivity could be attributed, in one hand, to the fact that soot combustion takes place at lower temperature, and CO is the thermodynamically preferred product at high temperature. However, the difference between CO 2 selectivity for the uncatalysed (36%) and catalysed reactions (~100%) is too high considering the relatively narrow range of temperatures (600-775ºC) where soot combustion takes place. Therefore, even if the decrease in soot oxidation temperature could affect in some extent the CO 2 selectivity data, it is not the main argument to justify these values. On the other hand, copper-catalysts are active for CO oxidation to CO 2 , and this seems to be the main reason of the high selectivity of the catalysts studied towards CO 2 formation. Thus, CO seems to be the primary soot oxidation product, as deduced from the uncatalysed experiments and copper catalyses the oxidation of CO to CO 2 afterwards. The high activity of copper for CO oxidation is well-known, and some authors have proposed Cu-based catalysts as potential candidates to substitute precious metals in CO oxidation catalysts [20] .
Catalytic tests in NO
The effect of NOx in soot oxidation has been studied, and the Figure 4 shows the soot conversion profiles during the experiments performed under NOx/O 2 . In the presence of NOx, the uncatalysed and copper-catalysed reactions take place at lower temperatures than the counterpart reactions in air (Figure 3 ). Considering the T50% temperatures included in Table 2 , there is a shift of around 50ºC to lower temperature in NOx/O 2 in comparison to air. The shift in the light-off temperatures for the catalysed reactions is greater, being around 500ºC for most of the copper-catalysed reactions in NOx/O 2 .
Copper loading also has a significant effect on catalytic activity in NOx/O 2 , as described for air. For instance, the T50% values (Table 2 ) decrease progressively from 650 to 596ºC from Cu_1% to Cu_7% respectively. Above this loading there is not additional increase in activity, Cu_7% and Cu_10% showing quite similar behaviour.
The catalytic activity of copper in NOx/O 2 can not be correlated with one of the single parameters described in section 3.1 (copper loading, copper dispersion or surface copper), as already discussed for experiments in air, and some other characteristic seems to play the major role. This will be discussed afterwards.
The copper catalysts are also selective for CO 2 formation as soot oxidation product in the presence of NOx (data in Table 2 ). In fact, CO emission is not detected in any catalytic tests performed under NOx/O 2 . This is not the case of the uncatalysed reactions, where the same low CO 2 selectivity (36%) is obtained both under air and NO x /O 2 , supporting that copper is responsible of the high CO 2 selectivity.
NO x removal.
The NOx removal profiles obtained during the soot oxidation tests are compiled in the Figure 5a , and for proper interpretation of these profiles, the counterpart curves obtained in blank experiments (without soot, only using the catalysts) have been included in the Figure 5b .
The uncatalysed soot oxidation in NOx/O 2 takes place between 500 and 725ºC approximately (see Figure 4) . In this range of temperature NOx removal occurs, as observed in the Figure 5a , due to the NOx-C reaction that yields N 2 and CO/CO 2 . This reaction takes place simultaneously to the O 2 -C combustion, which is the main soot consumption pathway. For the sake of brevity, the O 2 consumption profiles are not shown.
NOx removal profiles in catalytic combustion experiments are much more complexes than soot oxidation profiles. Regardless the catalyst considered, all the NOx removal profiles reach a maximum value in the range 600-700ºC that must be attributed to NOx reduction by soot. The temperature for this maximum NOx removal decreases as the copper loading increases from Cu_1% to Cu_5%, and it is reached more or less at the same temperature for Cu_5%, Cu_7%, and Cu_10%. This trend is consistent with the trend in soot conversion temperature (see soot conversion profiles in Figure 4 and T50% values in Table 2 ). The maximum NOx reduction level reached was 11% (for Cu_1%), and therefore, the Cu/Al 2 O 3 catalysts studied could not be used for the simultaneous removal of NOx and soot without an additional NOx removal strategy.
The NOx removal profiles obtained with Cu_5%, Cu_7%, and Cu_10% also show a wide shoulder at lower temperatures (around 450ºC), which must be attributed to NOx chemisorption on the catalysts. It is reasonable to assume that between both ranges of temperature (shoulder around 450ºC and maximum at 600-700ºC), both processes (NOx chemisorption and NOx reduction, respectively) could progress together.
The hypothesis of NOx chemisorption on the catalysts around 450ºC was confirmed in experiments performed without soot (Figure 5b ), since in this case the NOx removal pathway throughout the NOx-C reaction can be ruled out. NOx removal in blank experiments (without soot) due to chemisorption on the catalysts depends on the copper loading, increasing from Cu_1% to Cu_5% with maximum removal for the latter, and slightly decreasing for Cu_7% and Cu_10%. This trend is the same than that obtained for surface copper in the Figure 1b , and indicates that NOx chemisorption, as expected, is a surface phenomenon.
Comparison between Figures 5a and 5b allows concluding that the coppercatalysed soot combustion decreases the amount of NOx chemisorbed on the catalyst.
As an example, NOx removal on the Cu_5% catalyst reaches 15% at 450 ºC in the absence of soot (Figure 5b ) while the NOx removal in the presence of soot at the same temperature is only 3% for this catalyst. This is because the copper surface is involved in both the NOx chemisorption and the catalysed soot oxidation, and therefore, it is expected that the copper fraction involved in the catalysed soot oxidation is not available for NOx chemisorption. The same phenomenon was previously observed for a CeO 2 catalyst [21] . Related with this fact, Pisarello et al. [22] also concluded that the formation of stable nitrate species on a K/Ba/CeO 2 catalyst inhibits the soot combustion reaction.
One important issue that must be considered in catalysed soot oxidation under NOx/O 2 is the formation of NO 2 , which is much more oxidising than NO and O 2 , as mentioned. NO is the main component of NOx in a real diesel exhaust, and it is also in the experimental set up used for the catalytic tests. In the Figure 6 , the NO 2 percentage, on the basis of the NO + NO 2 level, is plotted as a function of temperature for the blank experiments. Despite NO 2 is the thermodynamically stable nitrogen oxide at low temperature, the conversion of NO to NO 2 presents kinetic restrictions, and the copper catalysts raise the NO oxidation rate. For instance, NO 2 is detected from 300ºC with the catalyst Cu_10%, reaches a maximum level of 14% at 465ºC, and then decreases following thermodynamics. The delay between thermodynamics and experimental NO 2 profiles must be attributed to the time required for the gas to go from the reactor to the analysers. The maximum NO 2 concentration reached depends on the copper loading, and as a general trend, the higher the loading the higher the activity for NO oxidation to NO 2 . These results suggest that there is a certain relationship between the catalytic activity of the copper catalysts for NO oxidation to NO 2 and for soot oxidation, which is due to the high soot oxidation capacity of NO 2 . For example, the trend in T50% temperatures (Table 2) for Cu_1%, Cu_3% and Cu_5% (650, 623, and 610ºC, respectively) is related to the trend of the maximum NO 2 level reached in Figure 6 (1, 4, and 8 %, respectively).
However, it is surprising that the catalytic activity for soot combustion of Cu_7% and Cu_10% are almost the same (see profiles on Figure 4 and T50% values on Table 2 ) while the latter is much more effective for NO 2 formation ( Figure 6 ). This could be attributed to the fact that the maximum NO 2 level is reached around 450ºC for both catalysts, and the reactivity of soot at this temperature is low (see Figure 4) . In other words, NO 2 is not effective for soot oxidation at 450 ºC, at least for the model soot used in this study. Most probably, the rate limiting step at 450ºC is the decomposition of the oxygen complexes formed on the soot surface upon NO 2 oxidation, but not the oxidation of the carbon surface by NO 2 .
The relationship between the temperature required by each catalyst to reach the maximum NO 2 level in blank experiments ( Figure 6 ) and the T50% temperatures determined in the catalytic tests (Table 2) is depicted in Figure 7 . Previous discussion is confirmed; a linear trend is observed for Cu_1%, Cu_3% and Cu_5%. In this case, the soot oxidation depends directly on the NO 2 production, which is kinetically controlled by the catalysts. For the catalysts Cu_7% and Cu_10% this trend is not followed because of the low reactivity of the model soot at the temperature of maximum NO 2 production. In fact, it has been probed that using a more reactive model soot (Printex-U), Cu_7% and Cu_10% catalysts follow the observed trend.
TPR-H 2 and XPS characterization.
In this section, the redox properties of copper are studied by TPR-H 2 , and the surface copper species are evaluated by XPS.
The TCD signal profiles obtained in the TPR-H 2 experiments with the set of copper catalysts are drawn in the Figure 8 . All the catalysts consumed H 2 in these tests because of the reduction of copper oxide. As expected, the higher the copper loading, the higher the H 2 consumption. The percentage of copper oxide reduced during these experiments has been estimated from H 2 consumption, considering that Cu(II) is the copper specie reduced, and the data obtained are included in the Table 1 . Except for Cu_1%, all the catalysts reach near 100% copper reduction. This confirms that the assumption is right and supports that Cu(II) is reduced but not Cu(I) (if Cu(I) were the main copper oxide specie, values around 50% would be expected). Additionally, it is possible to conclude that the presence of metallic copper is minor or null in all the catalysts, except in Cu_1%.
Most of the TCD signal profiles (Figure 8) show two peaks, indicating that copper oxide species with different redox behaviour are present. A peak appears at 275ºC for most catalysts, and it can be attributed to Cu(II) species that are easily reduced. This peak is probably due to the reduction of a well dispersed CuO phase. The maximum intensity of this peak increases significantly from Cu_1% (null) to Cu_5%, and then slightly for higher copper loading, This trend is similar to that described in the catalytic tests in air (Figure 3) , suggesting that the catalytic activity is related to the amount of Cu(II) that is easily reduced. Another peak appears above 300ºC (the right temperature depends on the copper loading) corresponding to less-reducible copper oxide. This high temperature peak can be related to the reduction of larger CuO particles. The maximum intensity of the latter peak increases with the copper loading and the sequence is different to that of the copper dispersion (see data on Table 1 where two copper oxide species with different reducibility are also identified.
The copper species distribution is different for each catalyst. For instance, the area of the peak at 935.1 eV is low for Cu_1% (Figure 9a ) while the area of the peak at 932.0 eV is low for Cu_3% (Figure 9b ). This means that copper on Cu_1% is more reduced than on Cu_3%. In order to analyse these differences, the area under the different peaks has been quantified for all the catalysts, and the corresponding As a summary, the results presented in this study allow concluding that the most active copper species for catalytic soot oxidation in air is the easily-reduced Cu(II) specie, which is reduced around 275ºC under TPR-H 2 conditions. On the contrary, less reducible Cu(II) (reduced under TPR-H 2 conditions above 300ºC) and reduced copper species present lower activity. The amount of the most active Cu(II) species increases significantly with the copper loading from Cu_1% to Cu_5% and slightly for higher copper loading. This is consistent to the catalytic activity trend for soot oxidation in air, and supports the hypothesis of the redox mechanism. In the presence of NOx, the mechanism is more complicated. The first step seems to be the NO conversion to NO 2 , and the catalytic activity for this reaction depends on the copper loading. For catalysts with copper loading between Cu_1% and Cu_5%, the catalytic activity for soot oxidation in the presence of NOx depends on NO 2 formation, and NO 2 formation is kinetically controlled by these catalysts. For catalysts with higher copper loading this trend is not followed because of the low reactivity of the model soot used at the temperature of maximum NO 2 production.
Conclusions
In this study, Cu/Al 2 O 3 catalysts have been prepared by wet impregnation, characterised, and tested for soot combustion in air and NOx/O 2 , and the following conclusions can be summarised:
 The activity of the copper catalysts for soot oxidation in air depends on the amount of easily-reduced Cu(II) species, which are reduced around 275ºC under TPR-H 2 conditions. The amount of the most active Cu(II) species increases significantly with the copper loading from Cu_1% to Cu_5% and slightly for higher copper loading.
 In the presence of NOx, the first step of the mechanism seems to be the NO oxidation to NO 2 , and the catalytic activity for this reaction depends on the copper loading. For catalysts with copper loading between Cu_1% and Cu_5%, the catalytic activity for soot oxidation in the presence of NOx depends on NO 2 formation. For Cu_7% and Cu_10% this trend is not followed because of the low reactivity of the model soot used at the temperature of maximum NO 2 production.
 A certain NOx reduction occurs along with the copper-catalysed soot combustion, but the maximum reduction level reached with the studied catalysts was 11%, not being high enough for a practical use.
 All the copper catalysts tested improved the selectivity towards CO 2 , as soot oxidation product, from 36% for the uncatalysed reaction to 100% for the catalysed reactions. This behaviour is observed both under air and NOx/O 2 .
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